Introduction
Species native to cold regions maintain their physiological integrity during winter as a result of seasonal physiological, biochemical and morphological adaptations (Levitt 1980) . However, these species also exhibit short-term acclimation to fluctuations in temperature and other climatic factors (Hän-ninen and Pelkonen 1989) , and thus are able to maintain an optimal balance among physiological processes, for instance between growth and frost hardiness (Rehfeldt 1992) . Although the various physiological processes involved in acclimation are triggered by environmental factors (Junttila and Kaurin 1990) , they are genetically controlled (Engler 1913 , Glerum 1976 . Regulation of this genetic control is, however, poorly understood.
Chlorophyll a fluorescence has been used as a probe to assess the physiological state of the photosynthetic system (Krause and Weis 1984 , Schreiber and Bilger 1987 , Lichtenthaler 1988 . Chlorophyll fluorescence can also be used to determine low-temperature tolerance of Norway spruce (Picea abies (L.) Karst.) foliage (Vidaver et al. 1989, Adams and Perkins 1993) . Pisek and Winkler (1958) demonstrated that the potential for net photosynthesis varies with season and altitude. Frequent frosts in fall decrease the potential for photosynthesis, which does not recover until temperatures rise in the spring (Bolhàr-Nordenkampf and Lechner 1988, Lundmark et al. 1988) .
It has been suggested that the decline in photosynthesis in response to low temperatures is partly due to a cold-induced increase in susceptibility to photoinhibition caused by high irradiances (Öquist 1985) . High irradiances combined with chilling temperatures cause photoinhibition in P. abies Hällgren 1987, Bolhàr-Nordenkampf and Lechner 1988) .
Despite many studies on the photochemical activity and frost hardiness of conifers, several aspects of the ecophysiological significance of these studies have not been considered in detail. The objectives of this study were to determine whether clonal differences in cold hardiness and growth are related to photochemical activity. We measured variable chlorophyll fluorescence of genetically defined clones of Norway spruce grown in a field test, before and after artificial freezing, from early fall to early summer.
Materials and methods

Study site and material
The study was conducted on three nonjuvenile clones of Norway spruce that formed part of a clonal field-test at Sävar (63°54′ N, 20°33′ E, altitude 10 m) in northern Sweden. Before the present study, the clonal material had been subjected to several steps of selection, each with a different selection intensity. The ortets in the clone test were originally selected in 1977 from seedlings from two seed orchards, based on 3-yearold height. The two seed orchards were located within 25 km of the study site. Average clonal origins of the two seed orchards were 63°42′ N, 17°86′ E, altitude 211 m, and 64°05′ N, 16°41′ E, altitude 347 m. One of the clones used in this study, Clone 71, was derived from the high altitude seed orchard and Clones 90 and 115 were from the low altitude seed orchard. Cuttings from selected seedlings (the ortets) were rooted in May 1977 and grown in a nursery close to the study site until May 1983. A sample of 22 clones were thereafter selected, classified by height category (above average (+), average (m), and below average (−)) and planted in the field test used in this study. Each clone was represented by 11 ramets planted in rows in a north-east direction and with a quadratic spacing of 2 m. The three clones used in the present study were Clone 71 (height category −), Clone 90 (height category m) and Clone 115 (height category +). All 11 ramets of each clone were well established at the time of the study.
Measurements of tree height and bud flushing
The height of each ramet, defined as the height from ground level up to the uppermost bud of the leading shoot, was measured in May 1994 with a measuring pole. In 1992, the actual date of flushing for each clone was not recorded, but was estimated from the accumulated degree days (> 5 °C) that were required for the clones to flush in the spring of 1994. The clones were considered to be flushing when new needles were clearly visible through the bud scales of terminal buds and new needles were elongated to approximately twice the length of the original bud.
Collection of needles
From each ramet, 10 to 15 needles were collected from the uppermost 1991 whorl and placed in plastic bags. Current-year needles were collected from the midsections of the whorlbranches in all directions. If no clear whorl existed, needles were collected from terminal shoots below the potential leading shoot. Needles were kept in the bags throughout the pretreatment, measurement and freezing procedures. After collection, the bags were randomly divided into five groups, corresponding to five freezing temperatures. Between collection and measurements, the bags were stored at 5 °C for 1--16 h. Duration of storage did not significantly alter the results of the fluorescence measurements.
Measurement of chlorophyll fluorescence
Chlorophyll fluorescence was measured in darkness (weak, green guiding light provided by a Philips PF710E light bulb) with a plant stress fluorometer (BioMonitor, Malmö, Sweden; described by Öquist and Wass 1988) after needles had been allowed to adapt to darkness for at least 1 h at 5 °C. Actinic light intensity was 200 µmol m −2 s −1 and the duration of excitation was 5 s. The irradiance was considered to be saturating because higher intensities did not result in higher F v /F m ratios. During measurements, needles were aligned within the bags and the end of the optical fiber of the fluorometer was placed on top of the needles in direct contact with the plastic bag. When no variable chlorophyll fluorescence could be detected, the sample was given a value of zero.
Freezing of needles
Needles were frozen in the bags by immersion in ethanol in a programmable low-temperature thermostat bath (Lauda RKP 20-D, Lauda-Königshofen, Germany) equipped with an external freezing bath. Before freezing, the initial temperature of the freezing bath was between 15 and 20 °C. The temperature was first lowered to 5 °C in 2 h and then at a rate of 5 °C h −1 to −25 °C. Sets of samples were withdrawn from the freezing bath at 5 °C intervals and directly (within approximately 1--2 min) stored at 5 °C in darkness. Chlorophyll fluorescence measurements of samples after freezing were made by the same procedure as for measurements before freezing and were performed within 2--16 h after the freezing treatments. Duration of storage did not significantly alter the results of the fluorescence measurements.
Statistical analysis
Data were subjected to analysis of variance and estimation of least-square means according to the GLM procedures of the SAS software package (SAS Institute Inc., Cary, NC). To estimate mean F v /F m ratios before and after freezing, two separate models were used with individual F v /F m ratios as dependent variables (Equation 1):
where γ ik are individual observations of F v /F m ratios before or after freezing, c i is the fixed clone effect, and e ik are random residual deviations assumed to be normally independently distributed.
Means for each temperature regime on each measurement date were estimated separately. Tukey's studentized range (HSD) test was used to test whether differences in mean F v /F m ratios between clones on a single measurement date were statistically significant at P = 0.05.
Results
Mean maximum and minimum air temperatures (recorded at a site 20 km from the study site), before and during the study period, are shown in Figure 1 . It should be noted that the winter, from November until the beginning of April, was un- (Table 1) .
The effects of freezing temperatures on the F v /F m ratios of needles of each clone over time are shown in Figures 2--4 . When F v /F m ratios before freezing were used as a dependent variable in the analyses of variance, there were no statistically significant differences among clones. However, on several occasions, Clone 71 had slightly higher F v /F m ratios than Clones 90 and 115. All clones showed similar patterns of development of photochemical activity during the study period from September 1991 to June 1992.
When F v /F m ratios after freezing were used as a dependent variable in the analyses of variance, statistically significant differences among clones were observed on several occasions for freezing temperatures below −10 °C. During the period from late September to late October, at all freezing treatments below −10 °C, the F v /F m ratio of Clone 71 was significantly more affected by freezing than the F v /F m ratios of the other clones. Similarly, in May, at all freezing temperatures below −10 °C, in most cases, the F v /F m ratios of Clones 71 and 115 were more affected by freezing than that of Clone 90.
Discussion
Night frosts in early September resulted in minor and temporary declines in variable chlorophyll fluorescence measured before artificial freezing. By the end of October, however, a permanent decrease in variable chlorophyll fluorescence had occurred. The decrease coincided with day and night average temperatures below freezing and occasional night temperatures down to −10 °C. This pattern was consistent for all three clones and is similar to the patterns previously observed in Norway spruce (Bolhàr-Nordenkampf and Lechner 1988, Lundmark et al. 1988) .
In parallel with the decrease in variable chlorophyll fluorescence before freezing, frost hardiness increased. The increase in frost hardiness was evident as a decrease in the difference in variable chlorophyll fluorescence before and after freezing. The rate of hardening was most rapid when the daily mean temperature fell to near or below 5 °C. Similar results have been reported by Heide (1974) and Aronsson (1975) who showed that both short days and chilling are needed to induce cold hardiness in Norway spruce. Repo (1992) found that, for both Scots pine (Pinus sylvestris L.) and Norway spruce, temperatures between 10 and 0 °C represent the most efficient interval for induction of cold hardening.
In contrast to photochemical activity, frost hardiness and responses to artificial freezing differed among clones from late September to late October. Clone 71 appeared less cold hardy than Clones 90 and 115; it also showed a 1--2 weeks later induction of cold hardening and was severely affected by freezing temperatures below −15 °C in mid-October. Throughout the winter, from November until the beginning of April, photochemical activity was low and stable with F v /F m ratios ranging between 0.35 and 0.5 for all three clones. The fluctuations in F v /F m ratios that occurred seemed to coincide with fluctuations in temperature. Although the weather during this period was unusually mild with day temperatures occasionally above 5 °C, photochemical activity did not recover to high values in any of the clones. Because of the long intervals between measurements during winter, it is possible that the actual variation in fluorescence ratios was larger than is evident from Figures 2--4 .
During the winter, Clones 90 and 115, but not Clone 71, were frost hardy and did not exhibit further decreases in variable chlorophyll fluorescence in response to artificial freezing to −25 °C. In April, the F v /F m ratio in all three clones decreased to a minimum, although air temperatures in April were not significantly different from those in previous months. Thus, temperature was not the only factor that affected photochemical activity. There are several studies in which low temperatures were found to increase the susceptibility to photoinhibition caused by high light intensities. Öquist (1985a, 1985b) concluded that, in Scots pine, both low temperatures and freezing temperatures resulted in increased photodamage during periods of high irradiance. The global irradiation in April 1992 was 85.6 kWh m −2 (SMHI 1992b), which is less than the average (since 1959) of 110.8 kWh m −2 , but is still considerably higher than in March (49.1 kWh m −2 ) (SMHI 1992a). Incident light intensities on nonshaded needles could have been further increased as a result of reflected light from late snow cover. We conclude, therefore, that the decrease in F v /F m in April in Norway spruce needles in the field was caused by photoinhibition (cf. Strand and Öquist 1985b) .
Because fluorescence ratios in April were low, additional depression in response to artificial freezing was less reliable as a frost hardiness indicator than if initial F v /F m ratios had been high. However, even in April, Clone 71 was more sensitive to low temperatures than Clones 90 and 115. The spring recovery in variable chlorophyll fluorescence was rapid in all three clones and occurred when air temperatures increased in May, which is in accordance with recovery studies in Scots pine (Ottander and Öquist 1991) . A similar but slower response was observed in Scots pine and Norway spruce by Lundmark et al. (1988) and in Norway spruce by Bolhàr-Nordenkampf and Lechner (1988) .
A tendency toward dehardening was observed in mid-May in Clones 71 and 115. Based on fluorescence ratios after freezing, Clone 90 was the hardiest clone in late spring--early summer and, in 1994, it also flushed 1 week later than Clones 71 and 115 (Table 1) .
Because the fluorescence ratios before freezing were similar for all three clones on all occasions, we conclude that the differences in cold hardiness observed among the clones were not related to photochemical activity. Also, photochemical activity did not explain the large differences in growth of the clones. The low hardiness of Clone 71 could, however, provide a possible explanation for its stunted growth. The difference in growth between Clones 90 and 115 is more difficult to explain. Perhaps the late flushing and dehardening of Clone 90 resulted in a shorter growth period, whereas the early flushing and dehardening of Clone 115, if it did not result in significant frost damage, provided a longer growth period.
